Introduction: Patients with mental and physical health conditions are complex to treat and often use multiple medications. It is unclear how adherence to one medication predicts adherence to others. A predictive relationship could permit less expensive adherence monitoring if overall adherence could be predicted through tracking a single medication.
Methods:
To test this hypothesis, we examined whether patients with multiple mental and physical illnesses have similar adherence trajectories across medications. Specifically, we conducted a retrospective cohort analysis using health insurance claims data for enrollees who were diagnosed with a serious mental illness, initiated an atypical antipsychotic, as well as an SSRI (to treat serious mental illness), biguanides (to treat type 2 diabetes), or an ACE inhibitor (to treat hypertension). Using group-based trajectory modeling, we estimated adherence patterns based on monthly estimates of the proportion of days covered with each medication. We measured the predictive value of the atypical antipsychotic trajectories to adherence predictions based on patient characteristics and assessed their relative strength with the Rsquared goodness of fit metric. Results: Within our sample of 431,591 patients, four trajectory groups were observed: non-adherent, gradual discontinuation, stopstart, and adherent. The accuracy of atypical antipsychotic adherence for predicting adherence to ACE inhibitors, biguanides, and SSRIs was 44.5, 44.5, and 49.6%, respectively (all p \ 0.001 vs. random). We also found that information on patient adherence patterns to atypical antipsychotics was a better predictor of patient adherence to these three medications than would be the case using patient demographic and clinical characteristics alone.
INTRODUCTION
Patients with serious mental illness (SMI), approximately 4% of US adults [1] , are at higher risk than the general population for chronic physical comorbidities [2] [3] [4] [5] [6] . Patients with depression are 1.5 times more likely to have cardiovascular disease. Patients with schizophrenia or bipolar disorder are 2-3 times more likely to have cardiovascular disease. Patients with schizoaffective or bipolar disorder are 2-3 times more likely to have diabetes mellitus [7] . These patients with SMI and comorbid physical conditions are prescribed multiple medications to treat their symptoms and manage their conditions [8] , and medication nonadherence is common.
Addressing these adherence issues is complex, particularly for patients prescribed multiple medications for their SMI and comorbid chronic physical conditions [2] [3] [4] [5] [6] . Estimates of adherence to atypical antipsychotics for schizophrenia and related disorders, for example, range from 47% to 95% [9] , indicating both low rates of adherence and potentially inaccurate or insufficient measurements of adherence. Rates of medication adherence are further reduced as the number of medications prescribed increases [10, 11] . Medication non-adherence among patients with SMI contributes to higher rates of relapse [12, 13] , hospitalization [14] [15] [16] [17] . increased risk of mortality [18] , and lower health-related quality of life [19] . Costs of treatment for SMI alone exceed US$300 billion annually to the healthcare system [20] , while hospitalizations due to medication nonadherence cost more than $100 billion annually [21] . These cost estimates would rise further if we accounted for the indirect costs of incarceration, homelessness, and other adverse events due to mental and physical comorbid conditions and non-adherence [20] .
Commonly-used adherence measures do not fully capture the adherence patterns of patients with serious mental and physical illnesses. Health insurance claims data only track medication fills, not ingestion, and typically measure adherence using a single metric of average adherence over a period of time [22] . Proportion of days covered (PDC) is a commonly used secondary analysis method to describe the proportion of days during a specified period that the patient is in possession of the medication [23] . While prominent organizations such as the International Society for Pharmacoeconomics and Outcomes Research and the National Committee for Quality Assurance endorse PDC as a preferred method of calculating medication adherence [24, 25] , there are limitations to this approach. Metrics such as PDC do not capture variation in adherence over time [26] . For instance, there may be two patients with PDC values of 50%, but the first may use the medication every other month while the second may be perfectly adherent for 6 months and then discontinue. Despite having identical PDC values, for the first patient with intermittent adherence, case management or adherence interventions may be more appropriate; for the latter patient who discontinued treatment, physicians may need to try new medications to deal with potential adverse events.
Despite the limitations of using PDC to measure adherence, physician access to quantitative data on patient adherence is often more limited. Physicians often rely on patient selfreports to measure adherence, but self-reported adherence is biased due to social stigma and memory issues [27] , leading to poor concordance between patient self-reported adherence and objective measures of adherence [28] . Overall, physician's assessment of patient's adherence levels is generally not much better than a random guess (53 vs. 50%) [29] .
In this paper, we rely on group-based trajectory modeling to examine whether patients with multiple serious mental and physical illnesses have similar adherence trends across all their treatments [26] . Group-based trajectory modeling provides a data-driven method for identifying groups of patients with different trends and trajectories in adherence behavior. In our example above, group-based trajectory modelling is able to separately identify clusters of patients who are irregularly adherent throughout the year from those who discontinue therapy, even if these clusters have similar PDC levels.
In this study, we employ this method to analyze adherence behavior for patients with schizophrenia, bipolar disorder, or major depressive disorder initiating atypical antipsychotic therapy and concurrently prescribed medication for another SMI, type 2 diabetes, or hypertension. We test whether adherence patterns for the atypical antipsychotic mirror adherence patterns for other SMI, anti-diabetes, and anti-hypertension medications. To our knowledge, this is the first time the trajectory modeling approach has been applied to examine adherence patterns for multiple drug classes simultaneously. Our sample of patients included patients with serious mental illness who initiated an atypical antipsychotic. In order to be included in the study, patients had to be age 18 years or older at the index date. They had to have C 1 inpatient claim or C 2 outpatient claims with a diagnosis of schizophrenia (ICD-9-CM 295.x) [30] , bipolar disorder (ICD-9-CM 296.0x-296.1x, 296.4x-296.8x) [34, 35] , or major depressive disorder (ICD-9-CM 296.2x, 296.3x, 311.x) [32, 33] , 6 months prior to initiating an antipsychotic. From this set of patients, we created three patient cohorts: (1) patients with SMI who also initiated selective serotonin reuptake inhibitors (SSRIs), (2) 2) based on the relevant ICD-9-CM codes during the 6 months prior to (and including) the date of treatment initiation. For all three cohorts, patients were required to be continuously enrolled 6 months prior to and 12 months after the first observed antipsychotic fill and the first observed fill for another SMI, anti-diabetes, or anti-hypertension medication in the data. Patients who received their atypical antipsychotics through mail order were excluded in order to decrease the possibility of overestimating adherence levels due to automatic refills by mail. Patients were also excluded if they had an index fill for clozapine. Consistent monitoring and physician supervision is required for clozapine use [35] , which may impact prescription refill and adherence rates [36] .
METHODS
The selections of SSRIs, ACE inhibitors, and biguanides as case studies for the treatment of other SMI, type 2 diabetes, and hypertension, respectively, were based on clinical guidelines, published literature, expert clinician recommendations and sample size considerations. SMI treatments were informed by recommendations from the American Psychiatric Association Clinical Practice Guidelines [40] [41] [42] [43] [44] . Anti-diabetes and anti-hypertension medications were selected from clinical literature [45] [46] [47] [48] . For the purposes of this study, a number of atypical antipsychotic medications were included to ensure that we could maintain a pattern of adherence even if a patient switched atypical antipsychotic molecules. These medications were risperidone, olanzapine, quetiapine, ziprasidone, aripiprazole, lurasidone, paliperidone, iloperidone, and asenapine. Specific molecules included in each class of medication selected can be found in Online Resource Table A1 . For each of the three cohorts determined by medication pairs, we used group-based trajectory models to measure adherence patterns over time. To create these trajectories, we first measured adherence to each treatment for the 12 months following treatment initiation. We defined patients as adherent in any given month if PDC C 80% [46, 47] . After creating a series of 12 indicator variables defining whether each patient was adherent to the relevant medications, we applied the group-based trajectory model algorithm to simultaneously sort individuals into adherence groups based on monthly PDC to both the index atypical antipsychotic and the index medication to treat other SMI, diabetes, or hypertension. Study authors have applied a similar approach to measuring adherence trends among patients with schizophrenia in previous research [26] , and a similar algorithm was used here.
More specifically, the trajectory model was estimated in Stata-MP 13.0 using the user written traj command/program. Within each adherence trajectory group j, adherence to medication k, A k , was modeled as a smooth function of time (measured in months elapsed since the index date), t, using a third-degree polynomial. We modeled the adherence trajectory as a generalized logit model that allows time-invariant patient characteristics to influence the probability of group membership:
where
The parameter p j;k represents the probability of membership to group j (an estimated model parameter) for drug k, which depends on timeinvariant individual characteristics x i , and the elements of vector b j;k are the estimated coefficients on the month variables t i . We compared group-based trajectory model results using four adherence trajectory groups. In this application, the vector of patient characteristics x i included only a constant term since we were interested in the relationship between adherence patterns across a patient's therapies rather than controlling for specific factors that could predict different adherence patterns. For each of the trajectory groups formed, we compared antipsychotic adherence trajectories to those of SSRIs, ACE inhibitors, and biguanides using a visual predictive check.
Once the trajectory groups were formed, our first research question addressed how well patients' antipsychotic adherence patterns could predict their patterns of adherence to their other medications (i.e., SSRI, ACE inhibitor, or biguanides). To study this, we first assigned patients to the trajectory group to which they had the highest probability of belonging. Next, we measured the conditional probability that patients were in the same trajectory group for non-antipsychotic medications, conditional on their placement in that particular atypical antipsychotic trajectory group. Among patients using antipsychotics and ACE inhibitors, for instance, if a patient was in a consistently adherent trajectory for atypical antipsychotics use, we measured the likelihood that the patient was also in the consistently adherent trajectory group for their ACE inhibitor. We followed this procedure for all four adherence groups, and then we measured the overall likelihood that the patient's assigned atypical antipsychotic adherence trajectory could predict their adherence to their ACE inhibitor. A similar approach was used for all three patient cohorts. We then conducted a t test to estimate whether the share of patients whose antipsychotic adherence trajectory matched their adherence trajectory for other medications was different from random chance (i.e., 25% in the four-trajectory case).
We investigated a second research question comparing the predictive value of these adherence trajectories to adherence predictions based on patient characteristics. We estimated a logistic regression model for each adherence trajectory for the ''other'' medication (i.e., ACE inhibitor, biguanides, SSRI) first using only the indicator variables for the antipsychotic adherence trajectory to which they were assigned. We then replicated this same logistic regression, but rather than including atypical antipsychotic adherence patterns as the explanatory variables, we included patient demographics (age, gender, region, Charlson Comorbidity Index, and index antipsychotic used). We estimated this logistic regression a third time combining adherence trajectories and patient demographics. We calculated the relative strength of these relationships using the R-squared goodness of fit metric. Accuracy was measured using the R-squared metric.
One limitation of applying the group-based trajectory model was that the number of adherence trajectories needed to be pre-specified. To test how our results would vary based on the number of trajectory groups selected, we replicated the results with three groups in a sensitivity analysis.
RESULTS

Patient Sample
We used a sample of 436,591 patients, consisting of 241,648 commercially insured enrollees, 168,411 Medicaid enrollees, and 26,502 Medicare enrollees ( Table 1 ). The patient sample is described in 
Trajectory Analysis
In our baseline analysis, groups were defined as non-adherent, gradual discontinuation, stopstart, and adherent. These patterns can be seen in Fig. 1 , depicting the trajectories for ACE inhibitors (Fig. 1a) , biguanides (Fig. 1b) , and SSRIs (Fig. 1c) . In the non-adherent group, patients immediately discontinued treatment, and by month 3 had a probability of adherence approximately 20% or less across all medication combinations. The gradual discontinuation group generally maintained adherence for 3-5 months, but dropped below a 50% probability of adherence between months 6 and 7, and were less than 30% adherent by month 9.
In the stop-start group, adherence decreased to almost 30% by month 4 but increased again to reach 70-80% between months 9 and 12. Finally, the adherent group maintained a probability of adherence between 90 and 100% during the entire 12-month period. A visual predictive check confirmed that the antipsychotic trajectory groups were qualitatively and quantitatively similar to the trajectories for the three comparison drug classes. Similar proportions of patients using an ACE inhibitor or an SSRI were observed in each adherence trajectory group, but the adherence patterns were distinct among those who took biguanides. Patients with SMI and hypertension taking an atypical antipsychotic and an ACE inhibitor were distributed across the adherence groups similarly between their medications. Atypical antipsychotic adherence patterns in this patient population were 25.1% non-adherent, 13.8% gradual discontinuers, 11.5% stopstart, and 49.6% adherent. The distribution of ACE inhibitor adherence groups was 26.5% non-adherent, 15.0% gradual discontinuers, 11.7% stop-start, and 46.8% adherent. The population of patients with SMI taking an atypical antipsychotic and an SSRI was also observed to be similarly distributed across trajectory groups in both medications. The distribution of adherence to atypical antipsychotics (Table 3 ). These figures imply that atypical antipsychotic adherence patterns provided a 19.5%, 19.5%, and 24.6% increase (all p \ 0.001) in predictive ability, respectively, relative to random chance (25%). Further, the adherent and non-adherent trajectory patterns contributed the greatest predictive value compared to the stop-start or the gradual discontinuation groups. Patients adherent to their atypical antipsychotic were often adherent to their ACE inhibitor (59%), biguanide (60%), and SSRI (61%). Among those who rapidly became non-adherent to their atypical antipsychotic, 40% of those on an ACE inhibitor, 37% of those taking biguanides, and 51% of those prescribed an SSRI were also rapidly non-adherent to their atypical antipsychotic. Patients that fell into gradual discontinuation for both medications were 21% for ACE inhibitors, 17% for biguanides, and 33% Fig. 1 continued for SSRIs. The stop-start group for both medications was 21% of ACE inhibitors, 24% of biguanides, and 27% of SSRIs. The trajectory pattern predictive accuracies for atypical antipsychotics and SSRIs were consistently greater than the anti-diabetes and anti-hypertension medications.
Predictive Ability of Antipsychotic Adherence versus Patient Characteristics
Medication adherence predictions were more accurate when they were based on atypical antipsychotic patterns rather than patient characteristics alone. R-squared values were highest for adherence patterns and patient characteristics together, followed by adherence patterns alone (Fig. 2) . This finding was confirmed across all medications and adherence groups except the biguanides discontinue and stop-start groups, where the R-squared values were approximately equal (discontinue: atypical trajectory R-squared and atypical trajectory plus characteristics R-squared = 0.002; stop-start: atypical trajectory R-squared and atypical trajectory plus characteristics R-squared = 0.017). Non-adherent PDC \ 80%; Adherent PDC C 80%
Sensitivity Analysis
We conducted a sensitivity analysis with three adherence groups. The patterns observed represented cases where (1) the patient rapidly became non-adherent, (2) the patient gradually discontinued therapy, and (3) the patient remained adherent throughout the 12-month period. Similar results to the primary analysis appeared in the sensitivity analysis. Details of these results can be found in the Online Resources ( Figure A1 , Table A2 , Figure and A2 ).
DISCUSSION
This study found that adherence patterns to atypical antipsychotics could improve the ability to predict adherence patterns to ACE inhibitors, biguanides, and SSRIs among patients with serious mental and physical illnesses. The group trajectory model identified four trajectory groups: non-adherent, patients who exhibited discontinuation quickly after treatment; gradual discontinuation, those who discontinued more gradually over the 12-month study period; stop-start, patients who stopped treatment after a few months and later restarted; and adherent, a group that was largely adherent during the study period. Patients who were adherent to their atypical antipsychotic or non-adherent to their antipsychotic were more likely to be adherent or non-adherent, respectively, to their other medication, compared to those who discontinued or stopped and started again. Compared to random accuracy, patterns of atypical adherence are better predictors of adherence to ACE inhibitors and biguanides by 19.5% each and to SSRIs by 24.6% (all p \ 0.001). Similar patterns of adherence have been previously identified in patients prescribed an oral atypical antipsychotic and diagnosed with schizophrenia [26] . These trajectory groups highlight the inadequacies of metrics that calculate adherence as an average over a fixed time period (e.g., PDC). The nuances of the discontinuation and the stop-start adherence groups are not captured in a PDC metric or pill count over the course of multiple months. Additionally, information on patient adherence patterns provides greater predictive ability than patient characteristics alone. Adherence patterns and patient characteristics combined had the highest R-squared values across all medications and trajectory groups, except in the discontinuing and stop-start biguanides users, where the R-squared of atypical antipsychotic adherence alone and with patient characteristics were equal. R-squared values ranged from 0.001 for characteristics alone among those prescribed biguanides in the stop-start category to 0.090 for both adherence to atypical antipsychotics and characteristics among those adherent to their SSRIs. Opolka et al. reported a similar range of the predictive ability of patient ethnicity and medications in predicting adherence to antipsychotic medications [48] . Their adjusted R-squared value for a model without either of these variables was 0.059, increasing to 0.066 with ethnicity only, 0.091 with medication only, and 0.096 with both ethnicity and medication variables. Similar to the findings in our study, these results suggest that information about adherence to antipsychotic medications is important for understanding and predicting a patient's adherence to other medications. The combined predictive power of a patient's adherence to their atypical and the patient's characteristics may have clinical implications to help providers anticipate their patients' behaviors and create appropriate and individualized treatment plans.
New technologies like digital medicine offer the ability to track true adherence to oral medications and create more refined trajectories [49, 50] . In the short run, however, these technologies may be available only for a limited set of medications, and their utility for patients with multiple chronic conditions may be unclear. This study shows that information on a patient's atypical antipsychotic adherence trajectory can provide useful predictive value for a patient's adherence patterns to their other b Fig. 2 Ability of adherence trajectory to atypical antipsychotics vs. patient characteristics in predicting adherence trajectories to (a) ACE inhibitors, (b) biguanides, and (c) SSRIs medication. A model of adherence utilizing information about a patients' adherence pattern to an atypical antipsychotic provides more informative predictions than one relying solely on patient characteristics available in claims data. Thus, clinicians, case managers, payers, and policymakers may wish to use information on patients' prior adherence patterns to target adherence improvement programs to those patients most likely to be non-adherent based on their previous medication adherence. Our study had several limitations. First, there may be more than four trajectory groups in practice. Sample size limitations, however, restricted our ability to observe additional patterns. For example, if we identified five adherence groups, we would have 25 predictive groups for each medication pair of interest and these additional comparisons limit the power of each predictive group. Second, our R-squared values were relatively low. Nevertheless, these R-squared values were in line with previous literature predicting adherence based on ethnicity and other characteristics that may impact adherence [48] . Third, the number of variables used in the model was not accounted for when measuring prediction accuracy. The atypical adherence model had fewer independent variables than the one for patient characteristics alone. Thus, the discrepancy between predictive power using a metric such as the Akaike information criterion would have been even larger than what was reported based on the R-squared metric [51] . Fourth, claims data do not accurately measure adherence because they capture medication purchase, but not ingestion, and do not contain information on reasons for discontinuation, (e.g., adverse events, lack of efficacy). This limitation may be mitigated in the future as technological devices to track true adherence in real time are developed. Fifth, adherence in patients newly initiating medications may not mirrored adherence among established patients. A similar study will be required in a population of patients who are not new to oral medications to treat these conditions. Sixth, patients who did not fill their initial atypical antipsychotic prescription were omitted from our patient sample. Therefore, the adherence patterns of the least adherent patients are not captured in our analysis. Further, there may be other factors not accounted for in this study that may also explain adherence patterns, such as a patient's pill burden beyond SMI, anti-diabetes, and anti-hypertension medications. Finally, the results of this study are particular to the medications included in the analysis and may not be generalizable to other medications, populations, or disease states.
CONCLUSIONS
Among patients with multiple chronic mental and physical illnesses, patterns of atypical antipsychotic adherence were useful predictors of adherence patterns to a patient's adherence to ACE inhibitors, biguanides, and SSRIs. Information on patient adherence patterns to atypical antipsychotics was a better predictor of patient adherence to these three medications than would be the case using patient demographic and clinical characteristics alone. Compliance with Ethics Guidelines. This article does not contain any studies with human participants or animals performed by any of the authors.
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